The serine/threonine protein kinase Akt (protein kinase B) phosphorylates endothelial cell nitric oxide synthase (eNOS) and enhances its ability to generate nitric oxide (NO). Because NO is an important regulator of vasomotor tone, we investigated whether Akt can regulate endotheliumdependent vasomotion in vivo using a rabbit femoral artery model of gene transfer. The endothelium of isolated femoral arteries was infected with replication-defective adenoviral constructs expressing β-galactosidase, constitutively-active Akt (myr-Akt), or dominant-negative Akt (dn-Akt). Femoral arteries transduced with myr-Akt showed a significant increase in resting diameter and blood flow, as assessed by angiography and Doppler flow measurements, respectively. L-NAME, an eNOS inhibitor, blocked myr-Akt-mediated vasodilatation. In contrast, endothelium-dependent vasodilatation in response to acetylcholine was attenuated in vessels transduced with dn-Akt, although these vessels showed normal responses to nitroglycerin, an endothelium-independent vasodilator. Similarly, relaxation of murine aorta ex vivo in response to acetylcholine, but not nitroglycerin, was inhibited by transduction of dn-Akt to the endothelium. These data provide evidence that Akt functions as key regulator of vasomotor tone in vivo.
promoter (15) . Viral titer was measured by standard plaque assay using 293 cells.
Rabbit femoral artery model. Thirty-six femoral arteries of male New Zealand white rabbits weighing 3.0-3.5 kg were analyzed in this study. The experimental protocol for this project was approved by the St. Elizabeth's Medical Center Institutional Animal Care and Use Committee and complied with NIH guidelines for care and use of laboratory animals. All rabbits were anesthetized with intramuscular ketamine (50 mg/kg) and xylazine (5 mg/kg). Femoral artery, popliteal artery, and saphenous artery were isolated. After temporary clamping of the proximal femoral artery and popliteal artery, either 100 µL of saline alone, or saline plus Adeno-β-gal, Adeno-dn-Akt, or Adeno-myr-Akt, was infused into femoral artery via saphenous artery and incubated for 15 minutes. Viral titer was 1 × 10 10 pfu/mL for each experimental condition. After incubation, the saphenous artery was permanently ligated, and clamps on the proximal femoral artery and popliteal artery were removed to restore femoral blood flow. In the first experimental group (n = 4 vessels), animals were sacrificed 3 days after surgery and infection, and lacZ expression in femoral arteries was analyzed as described later. In the second experimental group (n = 4 for each treatment group: Adeno-β-gal, Adeno-dn-Akt, Adeno-myrAkt), femoral arteries were harvested 3 days after surgery and transfection for the measurement of cGMP levels. In the third experimental group (n = 5-8 vessels for each treatment group: saline, Adeno-β-gal, Adenodn-Akt, Adeno-myr-Akt), femoral artery diameter was assessed by quantitative angiography, and blood flow was measured by intravascular Doppler analysis.
Angiography. Base-line vessel diameters and changes in vessel diameters in response to the endotheliumdependent vasodilator acetylcholine (Ach), the endothelium-independent vasodilator nitroglycerin (NTG), the NO inhibitor Nω-nitro-L-arginine methyl ester (L-NAME) or papavarine were evaluated by angiography 3 days after surgery and adenovirus-mediated gene transfer. A 3F catheter was introduced into the left common carotid artery through a small cutdown and advanced to the proximal end of femoral artery with a 0.014-inch guide wire (Hi-Torque Floppy II; Advanced Cardiovascular Systems, Temecula, California, USA). Contrast media (MD-76, meglumine diatrizoate and sodium) was then injected using an automated angiographic injector at a rate of 1 mL/s. Serial images of femoral artery were recorded at base line and immediately after administration of the different drugs, with a 5-minute interval between each drug administration (16) . Drugs were administered by intravenous injection via a Tracker-18 infusion catheter (Target Therapeutics, Fremont, California, USA) in the following order: Ach, L-NAME immediately followed by Ach, and finally NTG, with angiographic assessment before and after each administration. The papavarine administration was performed on a second group of animals. Ach and L-NAME were administered at concentrations of 5 µg/kg/min for 2 minutes or a single bolus infusion of 20 mg/kg, respectively. Papavarine was administered by a single bolus infusion of 2.0 mg. Fresh stock solutions were prepared immediately before each experiment. NTG was administered by a single bolus infusion of 200 µg.
Intravascular Doppler flow. Intravascular Doppler flow measurements in the femoral artery were performed immediately after each angiographic measurement using a 0.018-inch Doppler guide wire (Cardiometrics Inc., Mountain View, California, USA). The wire was advanced through the 3F infusion catheter to the proximal segment of the femoral artery. A 12-MHz piezoelectric transducer is mounted at the tip of the distal segment of the wire, allowing real-time spectral analysis of the Doppler signal, from which the average peak velocity (APV) is calculated and displayed on line. The luminal diameters of the femoral arteries were determined previously from records of serial angiographic images. Doppler scanning-derived flow was calculated as Q D = (pd 2 /4)(0.5 × APV), where Q D is Doppler-derived time average flow (mL/min), d is vessel diameter, and APV is time average of the spectral peak velocity (17) . The mean velocity was estimated as 0.5 × APV by assuming a time-averaged parabolic velocity profile across the vessel. Measurements were performed at rest and after administration of each drug and angiography.
Measurement of cGMP levels. Femoral arteries were harvested 3 days after surgery and transfection and cut into rings. Rings were immersed immediately in a solution of 3-isobutyl-L-methylxanthine (IBMX; 1 mmol/L) and incubated at 37°C for 30 minutes before being snap-frozen in liquid nitrogen and stored at -70°C until the time of assay. cGMP levels were determined by a RIA kit (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA) as described previously (18) . Four vessel rings from four individual rabbits were examined per experimental group.
In vitro analysis of vascular function from adenovirusinfected mouse aortae. Four-to 6-week-old C57Bl/6J mice were anesthetized with ketamine/xylazine, and midline thoracotomy was performed. Mice were exsanguinated via transection of the abdominal aorta followed by perfusion with saline through the left ventricle. The heart and lungs were removed, exposing the thoracic aorta, and loose ligatures were placed on the ascending arch and the distal thoracic aorta. Adenoviral constructs encoding β-gal and dn-Akt were delivered in a retrograde manner (4.5 × 10 11 particles per milliliter; 20 µL) until the aorta was filled. Sutures were then tightened, and the aorta was left in situ for 15 minutes at 37°C. The aorta was then excised and placed into serum-free DMEM overnight at 37°C. The next day, aortae were placed into Krebs-Henseleit bicarbonate buffer solution (KHS). The composition of KHS was 118.3 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L CaCl 2 , 1.2 mmol/L MgSO 4 , 1.2 mmol/L KH 2 PO 4 , 25 mmol/L NaHCO 3 , 5.6 mmol/L glucose, plus 0.01 mmol/L ibuprofen, gassed with 5% CO 2 to maintain a pH of 7.4 at 37°C. Adventitial fat was carefully removed, and arteries were cut into rings (2-mm thickness). The rings were suspended by two tungsten wires (25-µm diameter) and mounted with 1.5 g of resting tension in a vessel myograph system (5-mL chamber size; Kent Scientific, Litchfield, Connecticut, USA). Preliminary experiments demonstrated that this base-line tension resulted in optimal length-tension curves. Isometric tension was measured using a force transducer coupled to a data acquisition system. After an equilibration period of 60 minutes, rings were precontracted with phenylephrine (1 µM) until a plateau was reached. Vessels were then washed, and this was repeated at least three times in order to stabilize the tissue. In experiments examining vasorelaxation, rings were pre-contracted with phenylephrine, and responses to the Ach (1 × 10 -9 to 5 × 10 -5 M) and sodium nitroprusside (SNP; 1 × 10 -9 to 5 × 10 -5 M) were quantified.
Detection of β-gal expression. Vessel segments, harvested 3 days after surgery or in vitro transduction with Adeno-β-gal transduction, were washed with cold PBS and fixed for 10 minutes in 1% paraformaldehyde. β-gal activity was assessed by incubating arteries in 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) chromagen as described previously (16) . The vessels were cut longitudinally and photographed through a dissecting microscope for macroscopic assessment. The specimens were then embedded in paraffin for histologic evaluation. Five-millimeter cross-sections were counterstained with hematoxylin and eosin.
Statistical methods. Data were evaluated with a twotailed, unpaired Student's t test, a one-way ANOVA followed by a Fisher t-test, or a two-way ANOVA, and expressed as the mean ± SEM. A value of P < 0.05 was considered statistically significant (NS = not significant).
Results
To assess the role of Akt in regulating vasomotor responses, a rabbit femoral artery model of adenovirusmediated Akt gene transfer to vascular endothelium was established (Figure 1a ). This procedure involved temporary ligation of femoral artery, popliteal and saphenous arteries, and infusion of the isolated femoral artery with adenoviral solutions via the saphenous artery. After a 15-minute incubation, temporary clamps on the proximal femoral artery and popliteal arteries were removed, and the saphenous artery was permanently ligated ( Figure  1b ). Three days after infection or mock infection, vessels were assessed for transgene expression or vasomotor responses and blood flow.
Transgene expression was assessed in femoral arteries infected with Adeno-β-gal. Vessels were harvested at 3 days after infection and stained with X-gal. En face analysis of opened vessels revealed greater than 50%
Figure 1
Rabbit femoral artery model of adenovirus-mediated gene transfer. (a) Femoral arteries were temporarily isolated by clamping the proximal femoral, popliteal, and saphenous arteries. Solutions of saline alone or saline containing adenoviral constructs that express β-gal, dn-Akt, or myr-Akt were then infused through the saphenous artery. After incubation for 15 minutes, the saphenous artery was permanently ligated and the temporary clamps on the femoral and popliteal arteries were removed. (b) Vessel diameter was assessed angiographically at 3 days after treatment, using an automated edge-detection system. The site of permanent saphenous artery ligation, after adenovirus administration, is shown. (c) Specific and efficient adenovirus-mediated gene transfer to the endothelium. Four rabbit femoral arteries were treated with an adenoviral construct expressing β-gal and harvested after 3 days. β-gal expression detected by X-gal staining from a representative en face view is shown. (d) Cross section of vessel demonstrating that β-gal expression is detected in the endothelium, but not in medial smooth muscle cells. Bar: 50 µm. v., vein; ext., external; a., artery.
transduction. A representative X-gal-stained vessel is shown in Figure 1c . Furthermore, transgene expression was exclusively localized in the endothelium, and no expression was detected in medial smooth muscle cells, as determined by analyses of vessel cross sections (Figure 1d) . No X-gal-positive cells could be detected in non-treated vessels (data not shown).
To determine the consequences of transgene expression on vasomotor responses, quantitative angiography was performed on femoral vessels incubated with saline alone (mock infected) or with adenoviral constructs expressing β-gal, constitutively active Akt (myr-Akt), or dn-Akt. At 3 days after treatment, base-line vessel diameter was as follows: saline-treated, 1.23 ± 0.04 mm; β-gal, 1.20 ± 0.06 mm (P = NS); dn-Akt, 1.17 ± 0.06 mm (P = NS); and myr-Akt, 1.38 ± 0.02 mm (P < 0.05). Thus, vessels infected with myr-Akt displayed significantly larger base-line diameters than mock-infected (saline) or β-gal-transduced vessels, whereas transduction with dn-Akt did not significantly affect base-line vessel diameter. To test whether myr-Akt promotes vasodilation through an NO-dependent mechanism, vessels were infused with L-NAME, an L-arginine analog that specifically inhibits eNOS. Infusion of L-NAME diminished vessel diameter in the myr-Akt-treated group to a size that was comparable to the base line, saline-treated group (Figure 2) . In contrast, L-NAME had no significant effect on the base-line diameters of saline or of β-gal-or dn-Akt-transduced vessels.
To assess further whether Akt gene transfer modulates NO production in the vessel wall in vivo, we assayed cyclic GMP accumulation as a bioassay for NO synthesis. At 3 days after infection, Adeno-β-gal-treated femoral vessels contained 174 ± 25 fmol cGMP/mg protein, consistent with basal cGMP levels reported by others (19) . Infection of vessels with adenoviral constructs expressing myr-Akt increased cGMP levels to 244 ± 25 fmol/mg protein (P < 0.05), consistent with an elevation of NO in the vessel, whereas dn-Akt-treated vessels contained 144 ± 26 fmol cGMP/mg protein (P = NS).
Vasomotor responses to acetylcholine (Ach), an endothelium-dependent (NO-mediated) vasodilator, and NTG, an endothelium-independent vasodilator that generates NO, were also assessed by quantitative angiography (Figure 3) . Expression of dn-Akt in the endothelium abolished Ach-induced changes in diameter without altering the vasodilatory response to NTG, consistent with an inhibition of endothelium-derived NO. Infection with adenoviral constructs expressing β-gal or myr-Akt did not significantly influence maximal vessel diameter attained after the infusion of Ach or NTG relative to mock-infected (saline) vessels.
Blood flow through treated femoral arteries was assessed by intravascular Doppler analysis (Figure 4) . Under base-line conditions, myr-Akt-transduced vessels displayed a significant increase in resting blood flow relative to saline-, β-gal-or dn-Akt-treated vessels consistent with the ability of myr-Akt to increase resting vessel diameter. Accordingly, the relative Ach-or NTG-induced changes in blood flow in the myrAkt-transduced vessels were less than that seen in
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The saline-treated or β-gal-transduced vessels, analogous to the previous data measuring Ach-and NTG-induced changes in vessel diameter. Importantly, the vasodilatory response to Ach was essentially abolished in dnAkt-transduced vessels compared with control groups, whereas responses to NTG were virtually identical to those seen in the control groups. Rabbit femoral arteries were treated with papavarine to examine the relationship between flow and vasomotor responses. Consistent with the findings of a prior study (20) , papavarine infusion led to a marked increase in flow through the femoral artery, yet had little or no effect on femoral artery diameter (Table 1) , suggesting an effect on downstream arterioles. In contrast, treatment with NTG led to increases in both flow and vessel diameter. Transduction of vessels with dn-Akt had no effect on vessel diameter under these conditions, nor did it affect the papavarine-induced increase in flow.
To examine the role of Akt in agonist-induced vasomotion in greater detail, the endothelium of mouse aortae were transduced with dn-Akt or β-gal and explanted rings studied ex vivo. Mouse aortae were examined in these experiments because Ach induced vasorelaxation in this vessel is exclusively NO dependent, as demonstrated by the loss of Ach-induced relaxations in eNOS knockout mice (21) . Luminal adenoviral infection of the mouse aorta resulted in 50-60% transduction of the vessel wall (Figure 5a ) that was confined to the vascular endothelium (Figure 5b) . Interestingly, Ach-induced relaxations were significantly inhibited in the dn-Akt-transduced arteries relative to Adeno-β-gal-transduced vessel segments (Figure 5c ). Transduction with dn-Akt shifted the Ach doseresponse curve rightward relative to control vessels with EC 50 values of 64 versus 90 nM for β-gal-and dnAkt-transduced vessels, respectively. In contrast, endothelium-independent relaxations to SNP were not different between the two groups (Figure 5d observations that Akt can directly phosphorylate eNOS leading to the activation of the enzyme and NO production in cultured bovine lung microvascular and human umbilical vein endothelial cells (12, 13) . Consistent with an NO-dependent mechanism in vivo, the eNOS inhibitor L-NAME blocked vasodilation induced by constitutively active Akt gene transfer to the endothelium of rabbit femoral arteries. Also consistent with an eNOS-dependent pathway is the observation that cGMP levels, a downstream effector of NO in smooth muscle cells, are elevated in vessels in which myr-Akt is expressed in the endothelium. We also show that dn-Akt gene transfer markedly blocked vasodilation in response to Ach, an endothelium-dependent agonist that mobilizes intracellular calcium and stimulates NO production (22) . In vivo, Ach will trigger both local and systemic vasodilation, thereby increasing blood flow and the attendant shear stress through large vessels. This suggests that the inhibitory effect of dn-Akt on Ach-induced relaxation of the femoral artery may either be mediated by blocking the local vasodilation actions of this agent or by diminishing shear stress-induced NO release that is brought about by systemic vasodilation. To examine directly whether dn-Akt could influence local endotheliumdependent responses to Ach in the absence of a change in hemodynamics, mouse aortic endothelium was transduced with dn-Akt, and ring segments were examined ex vivo. In this model, dn-Akt inhibited the direct vasorelaxant response to Ach, but not SNP. Collectively, these experiments are consistent with the hypothesis that Ach-induced vasodilation is mediated by Akt phosphorylation of eNOS, and that Akt is likely to be involved in eNOS activation by calcium mobilizing agonists, such as Ach and VEGF (12, 23, 24) .
Interestingly, dn-Akt by itself did not produce statistically significant vasoconstriction as assessed by angiography, nor did it diminish blood flow as assessed by intravascular Doppler flow measurements. Furthermore, treatment with L-NAME also did not lead to a significant reduction in vessel diameter in control vessels, though it effectively blocked vasodilation in response to infection with Adeno-myr-Akt. These data suggest that within the untreated rabbit femoral artery, a conduit vessel lacking myogenic tone, the Akt-eNOS regulatory circuit does not significantly contribute to vessel diameter under conditions of resting flow. Furthermore, intra-arterial injection of papavarine was found to increase flow through this segment markedly, but it did not increase vessel diameter. Likewise, the papavarineinduced flow was unaffected by transduction with dnAkt. Collectively, these data indicate that there is minimal Akt-mediated NO release in response to flow and the attendant increase in shear stress in this model.
The effects of acute Akt gene delivery on vasomotor tone are comparable to the consequences of eNOS overexpression in transgenic mice. It is reported that chronic eNOS expression by the endothelium results in increased basal cGMP production by the vessel and hypotension that can be reversed by L-NAME administration (25) . Furthermore, adenovirus-mediated transfer of the eNOS gene in normal or atherosclerotic rabbit arteries diminishes contractile responses and enhances endothelium-dependent relaxation in vitro (26) (27) (28) . To our knowledge, the data herein are the first demonstration that acute gene transfer can modulate vasomotor responses in vivo, and they show that Akt functions as a physiological regulator of NO production in the vessel wall. In addition to controlling vasomotor tone, NO production by the endothelium has important protective functions: NO promotes endothelial cell survival (29) , inhibits platelet adhesion (30) , reduces inflammatory cell infiltration (31) , and inhibits smooth muscle cell proliferation (32, 33) . Recognition that Akt is a regulator of eNOS in the intact animal suggests that impairment of endothelial cell function and NO synthesis, as occurs in hypercholesterolemia and atherosclerosis (34, 35) , may result from perturbations in the Akt-eNOS regulatory interaction. Hence, these data indicate that the pharmacologic modulation of Akt activity could have utility for the treatment of vascular disorders associated with endothelial cell dysfunction and impaired blood flow.
